Bacillus anthracis, the causative agent of anthrax, is a worldwide problem because of the need for effective treatment of respiratory infections shortly after exposure. One potential key enzyme of B. anthracis to be targeted by antiproliferative drugs is ribonucleotide reductase. It provides deoxyribonucleotides for DNA synthesis needed for spore germination and growth of the pathogen. We have cloned, purified, and characterized the tyrosyl radical-carrying NrdF component of B. anthracis class Ib ribonucleotide reductase. Its EPR spectrum points to a hitherto unknown three-dimensional geometry of the radical side chain with a 60°rotational angle of C ␣-(C␤-C1)-plane of the aromatic ring. The unusual relaxation behavior of the radical signal and its apparent lack of line broadening at room temperature suggest a weak interaction with the nearby diiron site and the presence of a water molecule plausibly bridging the phenolic oxygen of the radical to a ligand of the diiron site. We show that B. anthracis cells are surprisingly resistant to the radical scavenger hydroxyurea in current use as an antiproliferative drug, even though its NrdF radical is efficiently scavenged in vitro. Importantly, the antioxidants hydroxylamine and N-methyl hydroxylamine scavenge the radical several orders of magnitude faster and prevent B. anthracis growth at several hundred-fold lower concentrations compared with hydroxyurea. Phylogenetically, the B. anthracis NrdF protein clusters together with NrdFs from the pathogens Bacillus cereus, Bacillus thuringiensis, Staphylococcus aureus, and Staphylococcus epidermidis. We suggest the potential use of N-hydroxylamines in combination therapies against infections by B. anthracis and closely related pathogens.
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anthrax ͉ electron paramagnetic resonance ͉ hydroxyurea ͉ N-methyl hydroxylamine ͉ bacterial growth inhibition B acillus anthracis is a zoonotic soil organism and the causative agent of anthrax. This bacterium is a highly virulent mammalian pathogen and continues to be a worldwide problem in domesticated and wild animals in Africa and Asia. Infection from inhalation of B. anthracis spores can result in a high rate of mortality (1) . For humans, this bacterium has been the recent focus of attention when after September 11, 2001 it was used as a biological weapon by delivery of B. anthracis spores to several locations through the U.S. Postal Service. These events represent the first reported bioterrorism-related outbreaks of anthrax (2) . Existing treatment for inhalation anthrax involves administration of antibiotics shortly after exposure and several months of long use of ciprofloxacin or doxycycline with potentially unpleasant side effects (3). Of importance to prevent the disease is the prompt use of antimicrobial prophylaxis after a suspected bioterrorism attack.
The search for additional potential antiproliferative targets in B. anthracis is of great importance. Ribonucleotide reductase (RNR) is one such target. RNR is an essential enzyme in all living organisms. It catalyzes the production of deoxyribonucleotides for DNA synthesis by reduction of their corresponding ribonucleotides via intricate radical chemistry (4) . Even though all known RNRs appear to have a common evolutionary relationship, contemporary RNRs can be grouped into three major classes (I, II, and III) based on differences in the mode of radical generation and in overall quaternary structure (4) . Whereas almost all eukaryotic organisms only encode class I RNRs, prokaryotic organisms are known to quite often encode more than one class of RNR principally depending on environmental life styles (5) . Class I RNRs are tetrameric (␣ 2 ␤ 2 ) enzymes, composed of one homodimeric protein (␣ 2 ) that includes the active site and another homodimeric protein (␤ 2 ) that carries a stable free radical at a tyrosine residue close to a diiron-oxo center. Generation of the essential tyrosyl radical requires oxygen, and class I RNRs are functional only during aerobiosis. Class I RNRs are further subdivided into class Ia and Ib, whose major differences relate to the fine-tuning of their allosteric control executed by binding of nucleoside triphosphates to the ␣ 2 protein (6). The class Ia genes nrdA and nrdB code for the ␣ 2 protein R1 (or NrdA) and the ␤ 2 protein R2 (or NrdB). Most class Ib operons contain the nrdE and nrdF genes [for the ␣ 2 protein NrdE (or R1E) and the ␤ 2 protein NrdF (or R2F), respectively] accompanied by the nrdI gene encoding a flavodoxin-like protein of unknown function, plus or minus an nrdH gene encoding a thioredoxin-like physiological reductant for class Ib RNR. Class II RNRs are coenzyme B 12 -dependent and can work under both aerobiosis and anaerobiosis. Class III RNRs carry a stable but oxygensensitive glycyl radical and are functional only during anaerobiosis.
The release of the complete genome sequence from the aerobic, Gram-positive, sporulating B. anthracis Ames strain (7) and a number of other B. anthracis strains͞isolates allowed the identification of genes coding for class Ib and III RNRs in this genome. The class Ib genes are assembled in the order nrdI, nrdE, and nrdF, as in many other microorganisms (8) , and are plausibly forming an operon. The nrdH is found elsewhere on the B. anthracis chromosome. Interestingly, the B. anthracis nrdE gene deviates from other bacterial genes and includes a phage-like group I intron that interrupts the gene in two exons (7) . The only RNR capable of maintaining aerobic growth in B. anthracis is class Ib RNR, because class III RNR is restricted to anaerobic conditions.
There is relatively little knowledge about the mechanism of DNA synthesis in B. anthracis. The essential tyrosyl radical of the class Ib NrdF protein is a possible target for tailored antibacterial drugs based on radical scavenging. In this article, we characterize the unique biochemical properties of B. anthracis NrdF and show that its tyrosyl radical as well as growth of the pathogen is extremely sensitive to the antioxidants hydroxylamine (HA) and N-methyl hydroxylamine (M-HA). Our results may form the basis for using N-hydroxylamines in combination therapies against respiratory infections of B. anthracis. Survival Experiments. For determining survival of B. anthracis and E. coli B0 wild-type strains in the presence of selected potential inhibitors, cells were grown in LB medium to mid log phase (A 550 Ϸ 0.5). Aliquots of 100 l from dilution series were plated on LB plates containing freshly prepared potential inhibitor at the indicated concentrations (see Fig. 5 ).
Materials and Methods
Cloning of B. anthracis nrdF in Expression Vectors. The nrdF coding sequence from chromosomal DNA of B. anthracis Sterne 7700 was cloned into pET28a and pET22b, as described in Supporting Text, which is published as supporting information on the PNAS web site. The resulting plasmids pETS138 and pETS145, respectively, were transformed into E. coli Rosetta (DE3) generating the ETS101 strain for production of His-tagged NrdF protein and the ETS102 strain for production of non-His-tagged NrdF protein (see Supporting Text).
Reconstitution of B. anthracis NrdF with Iron.
In vitro incorporation of iron was performed as described in ref. 9 . For reconstitution directly in the cuvette, we added 2-4 eq of Fe 2ϩ [usually 3 l of 5 mM (NH 4 ) 2 Fe(SO 4 ) 2 in 0.1 M HCl] to 500 l of 10 M apoprotein in 50 mM Tris⅐HCl (pH 7.6), and the spectrum was registered after Ϸ15 sec. For B. anthracis NrdF, the protein concentration was determined by the Bradford assay (Bio-Rad), using BSA as standard, and for E. coli and mammalian R2͞NrdB, extinction coefficients (280-310) of 120,000 and 124,000 M Ϫ1 ⅐cm Ϫ1 , respectively, were used. Iron analyses were as described by Fish (10).
UV-Vis Absorption Spectroscopy and Kinetics of Incubations with
Radical Scavengers. A PerkinElmer Lambda 2 spectrophotometer was used for scanning spectra and kinetic experiments recorded at 25°C. Each potential inhibitor substance was freshly dissolved in concentrations to enable administrations of 2-5 l to start the reaction. Typically, kinetic scans were started Ϸ10 sec after addition of the drug. Kinetic traces were recorded at 409 nm for B. anthracis NrdF, at 410 nm for E. coli R2͞NrdB, and at 415 nm for mammalian R2͞NrdB. Reconstitution with 3 eq of Fe 2ϩ per B. anthracis NrdF dimer immediately preceded drug incubation. The E. coli R2͞NrdB did not require reconstitution, and samples of mouse R2͞NrdB had been reconstituted previously according to the anaerobic procedure (11) . Starting spectra were recorded before addition of the drug and after each kinetic trace. Subtraction of end-point spectrum from starting spectrum was used to evaluate the amount of radical [ ϭ 3,250 M Ϫ1 ⅐cm Ϫ1 (12)] in each experiment.
Electron Paramagnetic Resonance Measurements. EPR spectra were recorded with a Bruker eleXsys 580 X-band spectrometer, equipped with an Oxford ESR900 cryostat for temperatures from 10 to 50 K and a liquid nitrogen flow system for temperatures above 90 K. The double integral of the spectrum was compared with that of a frozen copper standard solution to estimate the radical concentration in the sample. First-derivative EPR spectra were recorded at different microwave powers (P) and various temperatures to determine the microwave power at half saturation (P 1/2 ) for each temperature.
The experimental values were fit with the function I ϭ 1͞(1 ϩ (P͞P 1/2 )) b/2 , where I denotes the intensity of the EPR signal, and b is a component relating to the type of relaxation; the b factor is 1 for a completely inhomogeneous relaxation and 3 for a completely homogeneous relaxation.
The EPR parameters of the spectra were extracted with the iterative simulation program (13) . The main features of the spectra could be simulated assuming a radical with an unpaired electron coupled to 3 protons. The least square method iterative program (13) calculated the values for the g-tensor and for the hyperfine tensors (hf-tensor) of the three protons. The simulated spectrum with the best fitting parameters was computed with the program Bruker WINEPR SIMFONIA V.1.25.
Phylogenetic Analyses. Sequence alignments were done with CLUSTAL X V.1.8.1 (14) with the default gap opening and extension penalties. The neighbor-joining algorithm was used to recover protein distance matrix in CLUSTAL X and excluding positions with gaps.
Results
Cloning, Expression, and Purification of B. anthracis NrdF. Using the sequence information of the B. anthracis Ames strain, we designed primers to amplify, clone, and sequence the nrdF gene (GenBank accession no. AJ704809) from the B. anthracis Sterne 7700͞ pXO1 Ϫ ͞pXO2 Ϫ strain. Also recently, the complete genomic sequence of B. anthracis Sterne 7700 has become available (NrdF GenBank accession no. YP027539). All hitherto sequenced B. anthracis strains have identical NrdF sequences and Ϸ40% amino acid sequence identity to the NrdF proteins in Fig. 1 . Comparison of the B. anthracis primary structure to the crystallized E. coli R2͞NrdB (15, 16) and Salmonella typhimurium, Corynebacterium ammoniagenes, and Mycobacterium tuberculosis NrdF proteins (17) (18) (19) revealed that all of the six important amino acids that act as ligands for the -oxo-bridged diiron site (4) are conserved in B. anthracis NrdF (Fig. 1) . The potential radical carrying tyrosine is conserved (Fig. 1) , and all residues postulated to participate in the radical transfer between NrdE and NrdF are present (data not shown). We used the pET system to overexpress in E. coli the B. anthracis NrdF protein and study its biophysical properties. The final yield of purified proteins was Ϸ9 mg of NrdF per liter of culture in LB medium. SDS͞PAGE showed high purity of the purified proteins with estimated molecular masses of Ϸ45 kDa (Fig.  2 Inset) . The predicted molecular mass for this protein is 37 kDa, and a similar discrepancy with the experimental observed size was previously observed with the C. ammoniagenes NrdF protein (20) . The B. anthracis NrdF protein had an estimated purity of 95% for His-tagged NrdF and 90% for non-His-tagged NrdF. The proteins contained no iron (apoprotein) and displayed no EPR signal (Fig. 3b) .
The Tyrosyl Radical of B. anthracis NrdF Has Unique Properties. After in vitro reconstitution of the apoprotein with Fe 2ϩ ͞O 2 (9), the NrdF contained 3.7 eq of Fe per dimer. The UV-visible spectrum of the reconstituted protein displayed a sharp band at 409 nm, indicative of the tyrosyl radical, and broader bands at 325 and 365 nm, indicative of a diiron-oxo center (Fig. 2, solid line) . Treatment of the reconstituted protein with the radical scavenger HU gives the spectrum shown in Fig. 2 (dashed line) , and subtraction of the two spectra (Fig. 2, dotted line) displays all of the typical features of a tyrosyl radical spectrum with the sharp 409-nm band and a broader 390-nm band. It was found that 3 eq of Fe per NrdF dimer gave optimal reconstitution regarding tyrosyl-radical concentration (0.4-0.5 radicals per NrdF dimer) and a spectrum with distinct iron charge transfer bands (data not shown). The radical is stable for 2-3 h at 25°C in dilute solution (10 M).
We have used EPR to probe the B. anthracis radical cofactor in overproducing whole cells (data not shown), early purification steps (Fig. 3a) , purified protein (Fig. 3b) , and reconstituted protein (Fig.  3c) . The cells can form the radical͞diiron site, but it is lost from the protein upon purification. In this respect, B. anthracis NrdF is more similar to mouse R2͞NrdB that also purifies as apoprotein (11) than to E. coli R2͞NrdB, S. typhimurium NrdF, and M. tuberculosis NrdF2 that retain their radicals upon purification. As expected, the B. anthracis NrdF spectrum in Fig. 3c has typical characteristics of a tyrosyl radical. Its EPR signal is a hyperfine (hf ) doublet of Ϸ1.5 mT splitting centered at g ϭ 2.0055 and with additional smaller splitting of Ϸ0.7 mT. The latter arise from hf coupling to the two identical C 3 -and C 5 -protons of the aromatic ring and are diagnostic for tyrosyl radicals (see Scheme 1, which is published as supporting information on the PNAS web site) (21) . Additional hf couplings arise from the two nonequivalent C ␤ -protons of the tyrosyl radical, but the coupling of the second ␤ proton (H ␤2 ) is too small to be resolved in the spectrum. The splittings depend on their overlap with the spin at C 1 of the aromatic ring and will vary with rotation along the C 1 -C ␤ bond. The rotation angle is defined as the angle C ␣ -(C ␤ -C 1 ), the plane of the aromatic ring (see Scheme 2, which is published as supporting information on the PNAS web site). The observed spectrum of B. anthracis NrdF (Fig. 3) differs from the spectra of all class Ia and Ib R2 proteins (NrdB͞NrdF) studied so far. We have used simulations to identify the couplings and found the best fit with A H␤1x ϭ 1.68, A H␤1y ϭ 1.48, A H␤1z ϭ 1.55, A H␤2x ϭ 0.20, A H␤2y,z ϭ 0.02, A H3,5x ϭ Ϫ0.91, A H3,5y ϭ Ϫ0.48, and A H3,5z ϭ Ϫ0.79 mT and with a line width tensor LW x ϭ 0.64 mT, LW y ϭ 0.63 mT, and LW z ϭ 0.48 mT. The simulated g-values were fitted to g x ϭ 2.0100, g y ϭ 2.0042, and g z ϭ 2.0026. The g x -value is considerably higher than any other value observed for a tyrosyl radical (see Table  3 , which is published as supporting information on the PNAS web site); g x -values higher than 2.008 are considered diagnostics of radicals with a non-hydrogen bonded phenoxy group (22-24). Also A H␤1 of the B. anthracis radical differs from other RNRs and is smaller than for class Ia but larger than for previously characterized class Ib radicals (Table 1 ) (23-29). The observed spectrum can be the result of a different rotational angle in the B. anthracis radical compared with other RNR tyrosyl radicals. We have use the hf couplings of the ␤ protons as described in ref. 30 to calculate for the new radical to 60° (Table 1) .
Progressive microwave saturation curves give information about the relaxation properties of the observed radical and in RNR R2 proteins (NrdB͞NrdF) also give an indication of the distance between the radical and the fast-relaxing diiron site. Evaluated parameters are P 1/2 and the inhomogeneity parameter b (see Material and Methods). The P 1/2 values for B. anthracis NrdF and their temperature dependencies coincide with those of M. tuberculosis NrdF2 but differ from those of mouse and E. coli R2͞NrdB radicals in the temperature region between 10 and 100 K (Fig. 4) . The low P 1/2 values for B. anthracis NrdF indicate that the interaction between the radical and the diiron site is weak, either because of a longer distance between them and͞or weak magnetic properties of the diiron site. The increase of the slope above 100 K can result from a change in relaxation mechanism of the diiron site or some movement in the active site. The change is consistent with the observation that the best fit with b-values are Ͻ1 at temperatures below 100 K (Fig. 4) , indicating a dipolar interaction (31) with the diiron site, but increases to Ն1 above 100 K when other relaxation processes take over. In addition, the similarity of the B. anthracis EPR spectra at 10 K (Fig. 3c) and at room temperature (Fig. 3e) indicates a weak interaction between the radical and the diiron center, and that the structure around the tyrosyl radical is quite rigid even at room temperature. Similar behavior has been observed for the M. tuberculosis NrdF2 (29).
B. anthracis Cells Are Extremely Sensitive to the Radical Scavengers
HA and M-HA. The possibility to inhibit DNA synthesis via RNR might be a good alternative or complement to the use of different antibiotics. We therefore compared the growth behavior of B. anthracis toward a set of well known radical scavengers and used as reference the growth behavior of E. coli under the same growth conditions. As seen in Fig. 5, B. anthracis Sterne 7700 is extremely resistant to HU [LD 50 ϭ 59 mM compared with an E. coli wildtype strain (LD 50 ϭ 3 mM)]. B. anthracis is also more resistant to p-methoxyphenol (LD 50 ϭ 2.4 mM) compared with E. coli (LD 50 ϭ 0.09 mM). In contrast, B. anthracis is more sensitive to HA (LD 50 ϭ 0.06 mM) and M-HA (LD 50 ϭ 0.17 mM) compared with E. coli (LD 50 of 0.3 mM for each drug). Hence, B. anthracis is several orders of magnitude more sensitive to HA and M-HA as compared with HU.
The Tyrosyl Radical of B. anthracis NrdF Is More Sensitive to HA and M-HA than Is That of the Mammalian R2͞NrdB. To study whether the growth inhibitions could be ascribed to scavenging of the RNR tyrosyl radical, we used real-time monitoring of disappearance of the sharp electronic absorption band of the tyrosyl radical at Ϸ410 nm. As reference for B. anthracis NrdF, we used mouse R2͞NrdB and E. coli R2͞NrdB. The radicals in B. anthracis, mouse, and E. coli RNRs have approximately the same sensitivity toward HU (Table  2) . Of great interest to the focus of this study was that HA and M-HA scavenged the B. anthracis tyrosyl radical Ϸ250-and Ϸ160-fold more efficiently than did HU, whereas the mouse radical was not scavenged at all by M-HA (Table 2 ). Based on a detection limit of Ϸ2 ϫ 10 Ϫ4 sec Ϫ1 for k 1 in our assays, we can estimate that the B. anthracis radical is more than two orders of magnitude more sensitive toward M-HA compared with the mouse radical. Other (40) , and UV-induced tyrosyl radical in borate buffer (ƒ) (40). known radical scavengers were much less efficient inhibitors of B. anthracis NrdF (1-methyl-1-hydroxyurea, 3-methyl-1-hydroxyurea, and hydroxyguanidine), did not scavenge at all (methoxyamine, resveratrol, and 3,4,5-trihydroxybenzohydroxamic acid), or were equally efficient inhibitors of both B. anthracis NrdF and mouse R2͞NrdB (p-methoxyphenol) (data not shown). anthracis NrdF shows a signal that is similar to but distinctly different from previously reported tyrosyl radicals in proteins. The main differences in hf-tensor have been found in the ␤-methylene protons, reflecting different conformations of the locked tyrosyl ring relative to the backbone of the protein. The conformation can be described by the rotational angle (Scheme 2) related to the dihedral angles for the two methylene protons. For class Ia radicals, is typically 20-35°, and for class Ib it is typically 75-85° (Table 1 ). According to the amino acid sequence and the suggested operon structure, the B. anthracis NrdF protein clearly belongs to the class Ib family; but from the hf-tensor of the H␤ 1 , we could evaluate a angle of 60°, distinctly different from the typical class Ib geometry and suggesting a somewhat different structure at the iron͞radical site. The high g x -value of the simulated spectrum suggests a non-hydrogen bonded tyrosyl radical. In addition, the different relaxation behavior of the B. anthracis (and M. tuberculosis) NrdF radical compared with the mouse and E. coli R2͞NrdB radicals suggests a weaker exchange interaction HU, HA, and M-HA sensitivity of the tyrosyl radicals in B. anthracis NrdF, E. coli R2͞NrdB, and mouse R2͞NrdB with the diiron site and͞or a dipolar interaction with excited states of the antiferromagnetic site. Our observations suggest a longer distance between the B. anthracis tyrosyl radical and the iron site, possibly with a water molecule between the phenolic oxygen and an iron ligand. The distance from the tyrosyl oxygen to the closest iron in S. typhimurium NrdF is 6.7 Å (18), in mouse R2͞NrdB is 5.9 Å (32), and in E. coli R2͞NrdB is 5.3 Å (16); S. typhimurium NrdF and mouse R2͞NrdB have a bridging water molecule, but the E. coli R2͞NrdB does not. The B. anthracis (Fig. 3e) and the M. tuberculosis (29) radicals retain their hyperfine couplings at room temperature, indicating a rigid active-site structure even at ambient temperature.
Discussion
Not only are the biophysical properties of B. anthracis NrdF different from other class Ib operons, but so is the phylogenetic relationship of the NrdF protein within the Gram-positive bacterial group and especially at the low GϩC content subgroup (Fig. 6) . The B. anthracis NrdF protein is clustered together with NrdFs from B. subtilis and from the pathogens Bacillus cereus, Bacillus thuringiensis, Staphylococcus aureus, and Staphylococcus epidermidis and from the phylogenetically primitive Deinococcus radiodurans. Surprisingly, other members of the Gram-positive low GϩC content group are clustered in two other very different groups. In one of the groups, we find the atypical RNRs from the Mycoplasma and some Streptococcus species that lack some otherwise completely conserved iron ligands (8) . The third group includes the majority of the low GϩC content Gram-positives. The high GϩC content Grampositive bacteria are clustered together with the Gram-negative bacteria. The previously characterized NrdF proteins (17) (18) (19) are clustered in this phylogenetic group. Perhaps the tight clustering of several NrdFs from pathogens with B. anthracis NrdF reflects a different tyrosyl radical geometry of the aerobically essential RNRs also in these species. Whether these pathogens also have enhanced susceptibility to some radical scavengers remains to be tested.
HU is a specific inhibitor of DNA synthesis by scavenging the tyrosyl radical of all known class I RNRs. Although HU is used therapeutically with potent antiparasitic, antiviral, and antiproliferative properties (33) (34) (35) , it has not yet been seriously considered as an antibacterial agent. Surprisingly, B. anthracis cells show extreme resistance to HU (LD 50 of 59 mM) compared with several other pathogens like Pseudomonas aeruginosa (LD 50 of 2 mM) (36), E. coli (LD 50 of 3 mM) (this work), and M. tuberculosis (LD 50 of 3-4 mM) (37) . The extreme resistance of B. anthracis to HU may be due to the exceptional properties of the cell wall envelope of this bacterium, but this has not been the focus of our study. Here, we instead show that the radical scavengers HA and M-HA can penetrate the cell envelope and inhibit the growth of B. anthracis very efficiently (LD 50 of 0.06 and 0.17 mM, respectively). Biochemical studies confirmed that the B. anthracis tyrosyl radical is a prime target for these drugs and showed that the mammalian radical was considerably more resistant toward HA and not inhibited at all by M-HA under these conditions. Interestingly, M-HA and several other N-substituted hydroxylamines have been found to delay senescence in human lung fibroblasts and senescence-accelerated mice (38) .
Anthrax, caused by B. anthracis infection, is one of the most feared diseases in the world today. Treatments need to be introduced almost before symptoms are seen, and the therapy needs to be fast-acting, especially in respiratory anthrax, where rapid initiation of therapy is essential for host survival (3). However, the delayed effect of antibiotic treatment limits its use to a narrow time window after exposure to lethal anthrax infection (39) , and therefore combination therapy with drugs that work on a more shortterm basis is desirable. This is particularly important if engineered highly virulent and͞or multidrug-resistant strains are used as offensive weapons that confound prophylaxis or treatment. Discovery of key B. anthracis proteins that can be targeted by new drugs or vaccines is consequently an important task. After infection due to purposely delivered or naturally spread spores, development of the anthrax disease requires DNA replication for spore germination and for growth of the pathogen. In this respect, RNR is a promising drug target because of its key role in providing precursors for the DNA synthesis, which essentially prevents resistance development toward drugs of the radical scavenger type. Our results clearly demonstrate the possible use of M-HA for inhibiting the growth of B. anthracis.
